Introduction
Infections with filoviruses often cause a fulminating hemorrhagic disease with a severe shock syndrome and high mortality in humans and in rhesus monkeys ( 1, 2) . The family Filoviridae (3) consists of Marburg virus (MBG),' the two related subtypes of Ebola virus (EBO), and a recently isolated Ebolalike virus, called Reston virus (RES) (4, 5) . MBG, the prototype filovirus, was first isolated in 1967 following human outbreaks ofacute hemorrhagic fever in Germany and Yugoslavia (6) . Since that time, sporadic, virologically confirmed MBG diseases occurred in various parts of Africa (7) (8) (9) .
Filoviruses constitute the third family of nonsegmented, Rhabdoviridae, within the new proposed order Mononegavirales (10) . Virions are composed of a helical nucleocapsid surrounded by a lipid envelope. The genome is nonsegmented, of negative sense, and 19 kb in length (3, 11, 12) . Virion particles contain at least seven structural proteins (8, (13) (14) (15) (16) .
Filovirus infections have several pathological features in common with other severe viral hemorrhagic fevers such as Lassa fever, hemorrhagic fever with renal syndrome, and Dengue hemorrhagic fever (5) . Among these viruses, filoviruses cause the highest case-fatality rates ( -35% for MBG [61 and up to 90% for EBO, subtype Zaire [17] ) and the most severe hemorrhagic manifestations. The pathophysiologic events that make filovirus infections of humans so devastating are still obscure. The viruses are pantropic, but no single organ shows sufficient damage to account for either the onset of the severe shock syndrome or the bleeding tendency ( 18 ) .
Endothelial cells form the inner surface ofblood vessels and play a key role in regulation of blood pressure, homeostasis, and antithrombogenicity. These cells form a selective barrier controlling the exchange of small solutes and macromolecules between the blood and the interstitial fluid of tissues. Increased vascular permeability observed during acute inflammation and shock symptomatic of response to various endogenous and exogenous mediators follows a paracellular pathway (19) (20) (21) (22) . Endothelial cell lysis is observed in the development ofshock lung often associated with a disseminated intravascular coagulation (DIC) (23, 24) . A comparable shock syndrome is also observed in MBG disease, and it has been speculated that this is caused either by destruction of endothelial cells following viral replication or by unspecific immune response and oxidant injury (25) . However, no direct experimental evidence has been obtained for either mechanism.
To determine whether dysfunction and damage ofendothelial cells can be caused by filovirus infection, we examined the replication of MBG in primary cultures of human umbilical vein endothelial cells (HUVEC) and organ culture of human umbilical veins. Data presented in this report demonstrate that the virus replicates in both systems and suggest that damage of the endothelial cell during filovirus infection can be caused primarily by virus replication.
Methods
Virus and cell line. The Musoke strain of MBG isolated in Kenya in 1980 (9) Following appropriate incubation times, cells were fixed with 2% formaldehyde in PBS for 10 min, washed in PBS, permeabilized in 100% acetone (-20°C) for 1 min, and washed twice in PBS. The monolayers were incubated with the appropriate antiserum (described above) followed by the corresponding secondary antibody labeled with tetramethyl rhodamine isothiocyanate (TRITC); (Sigma Immunochemicals) each for 1 h at room temperature. Antibodies directed to von Willebrand factor were purchased from Sigma Immunochemicals.
Transmission electron microscopy. Monolayers of cells grown on polycarbonate filters were fixed in 2% glutaraldehyde. After a wash with PBS, monolayers were postfixed with 1% 0S04 in distilled water for 1 h. Dehydration was performed in a graded series of ethanol. A mixture of propylene oxide and epoxy resin ( 1:1 ) (Epon-8 12; Serva, Heidelberg, Germany) was used for immersion. Final embedding in Epon-812 was done by standard procedure at 65°C for 12 h. Ultrathin sections were stained with uranyl acetate and lead citrate. Sections were observed and photographed in a Zeiss E 109 electron microscope.
RNA polymerase chain reaction (PCR (Fig. 1 a) . The endothelial location of MBGcaused immunostaining was further confirmed by double immunofluorescence using an antibody directed to von Willebrand factor, which is known to be a marker for endothelial cells of various locations and species in vitro and in situ (28) (Fig. 1 b) . Immunofluorescence of MBG-infected E6 cells at various times postinfection showed a different pattern with the main fluorescence located at the cell margins (Fig. 1 c) . This observation is in accordance with the extended intracellular spaces of infected E6 cells caused by extensive virus budding from the lateral membrane (Fig. 2 c) .
For electron microscopic investigations primary cultures of endothelial cells were grown on polycarbonate filters and infected with MBG at a m.o.i. of 10-2 p.f.u./cell. Filters were fixed and processed for electronmicroscopy at various times postinfection. Investigated monolayers contained numerous Weibel Palade bodies, which represent the intracellular storage site of von Willebrand factor (29) (Fig. 4 a) . Virus budding occurred preferentially from the apical surface ofcultured endothelial cells within the first 3 d postinfection (Fig. 2 a) 20 M~m. ever rarely, budding ofvirus could also be observed at the basal side and even within the cell-cell junctions ofthe endothelium. After prolonged incubation, a loss of the preferred vectorial virus budding was observed, resulting in a randomized budding from the cell membrane (Fig. 2 b) . In E6 cells, on the other hand, budding of MBG occurred even early in infection in a randomized fashion along the entire plasma membrane without any vectorial release of virion particles (Fig. 2 c) .
Budding ofthe mature filamentous virions seemed to occur preferentially in a vertical mode from the plasma membrane. Plasma membranes appeared thickened where virus budding occurred, which might be caused by an incorporation of viral proteins (Fig. 3 a) . Budding in a horizontal mode could not be observed. Virion particles appeared in multiple forms (e.g., annular, 6-shaped, U-shaped, filamentous) (Fig. 3) as described previously for propagation in other cells (30) . Spikes were clearly visible on the surface of virus particles (Fig. 3 a) . In infected endothelial cells two types of cytoplasmic inclusions could be observed (Fig. 4) . One type appeared as multilamellar inclusions (Fig. 4 b) similar to those found only in infected Vero cells but without showing the heavily stained strands in the periphery (30) . The second type of inclusions consists ofelectron-dense filamentous material (Fig. 4 a) . Both types of inclusion bodies probably consist of viral nucleocapsids that accumulate in the cytoplasm. These cytoplasmic accumulations of viral proteins cause the intense patchy immunostaining seen in several of the infected cells (Fig. 1) .
To demonstrate that HUVEC-derived MBG is infectious, we performed plaque assays on E6 cells from culture supernatants of infected endothelial cells harvested 8-144 h postinfection. For comparison, we also determined infectious virus released from E6 cells, the standard cell line used for MBG-propagation. Virus was first detectable 48 h after infection (titer: 101 p.f.u./ml). At 6 d postinfection virus titers reached a maximum of 107 p.f.u./ml, which is nearly identical to virus titers usually obtained from E6 cells (Fig. 5 a) . The plaque morphology of both HUVEC and E6 cell-propagated virus did not significantly differ (data not shown). These findings demonstrate that human endothelial cells are permissive for MBG.
In a second assay we performed RNA PCR ofinfected HU-VEC supernatants to determine the earliest time of virus release and thus the length of the viral replication cycle. RNA PCR was performed using a set ofprimers located within the L gene of MBG amplifying a cDNA product of 236 nucleotides containing two DdeI recognition sites ( 15) . As shown in Figures 5 b and c, RNA PCR first resulted in positive cDNA products 12 h postinfection. cDNA products were not detectable within the first 8 h postinfection. The specificity of the amplified products was considered by two independent approaches: (a) Southern blot analysis using a "S-aATP-labeled run-off transcript of 4407 nucleotides ofthe L gene (Fig. 5 c) , and (b) the pattern of fragments obtained after digestion with the restriction endonuclease DdeI (data not shown). Spectrophotometric analysis ofprecipitated PCR samples revealed a continuous increase ofcDNA products from 12 to 144 h postinfection. The endothelial cell, which functions as the barrier between the blood and the surrounding tissue, is a strategically important cell type for virus spread in the infected host. Two reasons may be important: first, virus replication in endothelial cells could help to maintain and reinforce the viremic phase. This assumption is supported by the fact that virus budding occurred to a significant degree from the apical plasma membrane. On the other hand, basolateral budding would allow viruses to spread into the tissues even early in infection. Second, viral replication may lead to destruction of endothelial cells with a loss of their barrier function and virus spread into the tissues. This is in line with our observation of a generalized virus-induced endothelial cell destruction in cell and organ cultures and also supported by observations made in filovirus-infected animals (25) .
Ifone considers the results obtained from the cell and organ culture experiments, a destruction of endothelial cells as a primary result of viral replication would be sufficient to explain the onset of a severe shock syndrome and hemorrhage. Endothelial cell destruction later on in infection would be sufficient to start a disseminated intravascular coagulation (DIC) with consumption of coagulation factors as initially discussed for filovirus infections of several severe cases (25, 31 ) .
In addition, the onset of the bleeding tendency in filovirus disease is supported by the loss of the integrity of the endothelium as could be demonstrated in vitro (organ culture) and observed in infected animals (25) . The hemorrhage occurs later on in infection due to the fact that first a localized destruction of the endothelium appears. These defects are covered by the spread of surrounding intact endothelial cells (small wound-healing mechanism) as demonstrated in vitro (32) . Following an extended damage ofthe endothelium caused by virus replication, this repair mechanism fails and red blood cells penetrate into the underlining tissues. The bleeding tendency is reinforced by a decrease of the bloodstream, which is a common consequence of shock syndromes.
In conclusion, endothelial cells are fully susceptible to infection and replication of MBG and thus may play a key role in the development of MBG hemorrhagic disease. Our data indicate that endothelial cells serve as a sufficient target for MBG replication even in the infected organism. Destruction of the endothelium caused by viral replication could propagate the development of the shock syndrome and fulminating hemorrhage. Appropriate studies on MBG-infected animals are necessary to show that our in vitro data are in accordance with the in vivo situation in the infected host. In general, endothelial cell lysis caused by virus replication should be discussed as a major event for the development of virus-induced hemorrhagic diseases.
